and Mg 2+ co-doped ceria (Ce 0.8 Gd 0.2-x Mg x O 1.9-δ ) powders were prepared by a sol-gel method and electrolyte ceramics were obtained by sintering at 1300°C. Thermogravimetric and differential scanning calorimetry, X-ray diffraction, scanning electron microscope and electrochemical impedance spectroscopy were used for structural, morphology and electrical characterization of the prepared samples. Well crystalline cubic fluorite structured composite was confirmed after calcination at 700°C and the electrolyte ceramics sintered at 1300°C for 4 h was quite dense with uniform microstructure. The electrochemical analysis results displayed that the highest conductivity has the Ce 0.8 Gd 0.14 Mg 0.06 O 1.87 compound, i.e. 0.0203 S/cm at 800°C. Therefore, it was concluded that co-doping with Gd 3+ and Mg 2+ could enhance the electrical properties of the CeO 2 based solid electrolytes.
I. Introduction
Solid oxide fuel cell (SOFC) has been studied deeply as an advanced future renewable energy device due to its high-efficiency energy conversion and environmental friendliness [1] [2] [3] [4] . Electrolyte plays the most important role in SOFC, as it determines the operating temperature to a large extent. CeO 2 -based electrolytes attracted considerable attention as their oxygen ion conductivity in intermediate temperature range (600-800°C) is higher than that for yttria stabilized zirconia (YSZ). The conductivity can be even increased by doping with trivalent rare earth ions. When ceria is doped with rare earth and alkaline earth cations, oxygen vacancy is formed to compensate the charge balance in the lattice [5] . The defect reaction equation is as follows:
The rare earth and alkaline earth ions (Gd 3+ , Sm 3+ , Y 3+ , Ca 2+ and Sr 2+ ) doped ceria at different concentrations have been extensively studied as an upcoming alterna-tive solid electrolyte to YSZ [6] [7] [8] [9] [10] . Among them, Gd 3+ doped ceria (GDC) is considered as promising electrolyte material due to its high oxygen ion conductivity, low polarization resistance and compatibility with electrodes [5, 11] .
Recently, co-doping with two or more aliovalent cations has been reported as more efficient strategy [12] [13] [14] [15] [16] [17] . Muhammed Ali's finding [18] confirmed that ionic conductivity of multi-doped ceria (Ce 0.8 Sm 0.1 Ba 0.05 Er 0.05 O 2-δ ) is considerably influenced by dopant radius and sintering temperatures with respect to surface morphology, microstructure and oxygen vacancy radius. Co-doped ceria was studied by Arabaci [19] , who showed that Ce 0.9-x Gd 0.1 Er x O 1.9-x/2 materials can be used as electrolytes for IT-SOFC applications instead of GDC. Maheshwari [7] found that Sr 2+ -Gd 3+ co-doped CeO 2 samples show significantly higher total electrical than the electronic conductivities which recommended them as good materials for SOFC electrolytes. The addition of 1 mol% CuO in gadolinium doped ceria showed no detrimental effect on the total electrical conductivity [20] .
In view of the above discussions, in the present investigation, gadolinium and magnesium co-doped ceria powders were prepared by a sol-gel route. The effects of Mg addition on the properties of ceria based electrolytes, the structure and the conductivity of Ce 0.8 Gd 0.2-x Mg x O 1.9-δ samples were investigated.
II. Experimental

Sample preparation
Ultrafine Ce 0.8 Gd 0.2-x Mg x O 1.9-δ powders (x = 0, 0.02, 0.04 and 0.06) were prepared by a sol-gel method. In this process, analytical pure cerium nitrate (Ce(NO 3 ) 3 · 6 H 2 O, containing 39 wt.% of CeO 2 ), gadolinia (Gd 2 O 3 , 99.99 wt.%), magnesium nitrate (Mg(NO 3 ) 2 · 2 H 2 O, analytical reagent) were used as starting materials. All raw materials were purchased from the China National Medicines Corporation Ltd. The experimental flowchart of Ce 0.8 Gd 0.2-x Mg x O 1.9-δ preparation using the sol-gel method is shown in Fig. 1 . The stoichiometric amount of precursors were dissolved in deionized water and mixed together. Citric acid was then added as complexing agents to form a homogeneous solution, the molar ratio of citric acid to metal ions was 1.5 : 1. The obtained mixture was continuously stirred using a magnetic agitator to form a homogeneous solution at 80°C and then converted to a viscous gel.
The synthesized Ce 0.8 Gd 0.2-x Mg x O 1.9-δ powders were uniaxially pressed into discs of 11 mm in diameter and 0.5 mm in thickness under a pressure of 200 MPa. Finally, the green discs were sintered in a hightemperature furnace at 1300°C for 4 h. 
Characterization
The xerogels were studied by simultaneous thermogravimetric and differential scanning calorimetry (TG-DSC) (Netzsch STA 409PC, Germany) under a flow of air at a rate of 10°C/min. The phase of the calcined powders was analysed by X-ray diffraction (XRD, Rigaku, Japan). Scans were taken with a 2θ step of 0.02°(over the range of 20-80°) using Cu Kα radiation (18 kV, λ = 0.154056 nm). The microstructure was analysed with a scanning electron microscope (SEM, Model S4800). By using alternating-current impedance spectroscopy (Model CHI660D, China), the conductivity of the specimens was measured over the temperature range of 500 to 800°C in air. Before measurements, Ag paste was painted onto either side of the discs and fired at 700°C for 30 min to erase the solvent. Data were collected in the frequency range 0.1 Hz-100 kHz; registered impedance spectra were analysed using ZSimp-Win software. Figure 2 shows TG-DSC plots of the dried Ce 0.8 Gd 0.14 Mg 0.06 O 1.87 precursor gel measured in temperature range from 50 to 700°C in air atmosphere. An initial weight loss of 30 wt.% below 300°C was seen in Fig. 2 which correlated with the evaporation of the adsorbed water and the decomposition of organics such as citric acid. A dramatic weight loss of ∼30 wt.% can be observed in the temperature range 300-380°C accompanied by an intense exothermic peak in the DSC curve, which can be attributed to the decomposition of organic groups and NO -3 . At the temperatures above 380°C, there is no remarkable changes in TG curve. However, in DSC curve a wide exothermic peak (500-650°C) can be detected, indicating that the phase transition and crystallization of the sample have happened. Thus, we selected 700°C as the calcination temperature of the synthesised Ce 0.8 Gd 0.2-x Mg x O 1.9-δ powders, as it is sufficient to obtain the desired crystalline structure. Figure 3 shows the XRD patterns of the Ce 0.8 Gd 0.14 Mg 0.06 O 1.87 (x = 0.06) powders calcined at 500, 600 and 700°C for 2 h. The typical diffraction peaks of cubic fluorite structure occurred at 500°C, but the intensity of the diffraction peaks was weak, and some characteristic peaks were not observed. This indicates that the sample was not well crystallized at this temperature. When the calcination temperature increased to 700°C, the appearance of the typical diffraction peaks indicated that the powders Thus, fine Ce 0.8 Gd 0.14 Mg 0.06 O 1.87 powders with cubic fluorite-type structure were successfully prepared after calcined at 700°C for 2 h, which was consistent with the TG-DSC results. XRD patterns for the samples with different Mgdopant concentrations are shown in Fig. 4 . All powders calcined at 700°C have a single-phase fluorite structure. It can be seen that no secondary phase could be identified. According to previous studies, doping with ions having different valences and different ionic radii will change the lattice parameter of ceria and induce corresponding oxygen vacancies generate the internal stress in the ceria matrix [21] [22] [23] . The lattice parameters of the prepared Ce 0.8 Gd 0.2-x Mg x O 1.9-δ samples are basically not changed considerably with the Mg-doping concentration, and remained a = b = c = 0.5418 nm. This observation could indicate that solubility of Mg 2+ in the GDC lattice is very low. The reason could be the difference in ionic radii of Mg 2+ (0.089 nm) and Ce 4+ (0.097 nm). Thus, the addition of Mg might cause a distortion of the lattice as well as the increase of lattice energy.
III. Results and discussion
TG-DSC analysis
Phase structure
Microstructure analysis
Micrographs of the Ce 0.8 Gd 0.14 Mg 0.06 O 1.87 ceramics sintered at 1300°C for 4 h are shown in Fig. 5 . As can be seen, the density of the sample sintered at 1300°C is high and the grains are connected to each other with only few pores visible. As the addition of Mg 2+ increases, the change in density is not significant, the average grain size was in the range of 1-2 µm.
It was reported that ceria electrolytes with density above 95% of theoretical density were produced by sintering at 1200 or 1250°C [20, 24, 25] . However, for densification of the Mg-doped GDC the sintering temperature of 1300°C was necessary. The reason could be that Mg 2+ is not dissolved into GDC completely, but enriched partially the grain boundaries of the samples. The high melting point of the MgO phase (∼2852°C) and the low solubility of Mg 2+ [17] , could give some support to this idea. However, phase structure analysis indicates that there is no formation of any new phase. This demonstrates that the content of undissolved MgO at the grain boundaries, if exists, is lower than the detection limits of X-ray diffraction.
Electrochemical performance
Electrochemical impedance spectroscopy (EIS) has been used to determine electrochemical properties of the solid electrolyte. From the impedance spectroscopy, it is possible to obtain the information on the contribution of grains, grain boundaries and electrode polarization to the total conductivity [25] [26] [27] . Impedance spectra for the Ce 0.8 Gd 0.2-x Mg x O 1.9-δ ceramics measured at different temperatures under air are presented in Figs. 6 and 7. The conductivities can be calculated from the resis- tance obtained by fitting the impedance spectra using ZSimpWin software. Then the conductivities at different temperatures can be obtained using the equation:
where L is the sample thickness and S is the electrode area of the sample. Conductivity and resistance values of the samples at different temperatures are listed in Table 1 . A minor decrease in conductivity was observed in the samples with low Mg-concentration (x = 0.02 and 0.04). However, the increase in conductivity was observed when the dopant content increases to x = 0.06 reaching 0.0203 S/cm at 800°C. The reason may be that with the increasing of Mg content, the oxygen vacancies are more mobile which results in the increased conductivity [28] . Incorporation of Mg into GDC lattice enhanced the oxygen ionic conductivity also through the increasing of the number of oxygen vacancies Thus, the more incorporated dopant means the more oxygen vacancies, but in the same time the migration of the oxygen ions is hindered due to the shrinkage of the lattice [19] . Therefore, the sample doped with 6 mol% Mg 2+ showed the highest ionic conductivity. Table 2 shows the conductivities and activation energies of co-doped CeO 2 electrolytes at 800°C. It can be seen that the conductivity and the activation energy of Mg 2+ -doped GDC are close to that of other single or double-doped CeO2 electrolytes, indicating that Ce 0.8 Gd 0.2-x Mg x O 1.9-δ is a promising electrolyte for intermediate-temperature SOFC.
The total electrical conductivity of Ce 0.8 Gd 0.2-x Mg x O 1.9-δ can be described in terms of the relationship of ln(σ · T ) versus 1000/T , as plotted in Fig. 8 over the temperature range 500-800°C. As can be seen from Fig. 8, the 
where σ is the conductivity of the sample, E a is the conduction activation energy, K is Boltzmann constant and T is the absolute temperature. The conductivity activation energy of Ce 0.8 Gd 0.14 Mg 0.06 O 1.87 is calculated to be 0.853 eV.
Overall, analysis results suggest that Mg may be used as a co-dopant for the optimization of electrical properties of Ce 0.8 Gd 0.2 O 1.9 based electrolytes. This indicated that Ce 0.8 Gd 0.2-x Mg x O 1.9-δ is a possible electrolyte material for IT-SOFC.
IV. Conclusions
Ce 0.8 Gd 0.2-x Mg x O 1.9-δ powders (x = 0, 0.02, 0.04 and 0.06) were synthesized by the sol-gel method and sin-tered at 1300°C. XRD analysis confirmed the singlephase fluorite structure can be formed at a relatively low calcination temperature. SEM observations confirmed that the electrolytes sintered at 1300°C for 4 h have dense structure. Based on the EIS data, the co-doped electrolyte with 6 mol% MgO content has the highest conductivity, i.e. 0.0203 S/cm at 800°C. It is believed that the oxygen vacancies are activated when GDC is doped with Mg 2+ , causing the increase of conductivities of the Ce 0.8 Gd 0.14 Mg 0.06 O 1.87 electrolyte in comparison to the Gd singly doped CeO 2 electrolytes. Thus, codoping with Mg led to an improvement in conductivity confirming that Ce 0.8 Gd 0.2-x Mg x O 1.9-δ is a possible electrolyte material for IT-SOFC.
